Introduction
Many Fossil power plants operate under high temperatures and pressures for total durations of more than 100,000 h, despite deterioration over time. To maintain the safety and reliability of fossil power plant facilities under such situations, nondestructive techniques for evaluating the integrity and remaining life of construction materials [1] are crucially required. In particular, cases of Type IV creep damage in the welded parts of high-temperature boiler components have been reported in Japan and overseas. Type IV creep damage consists of creep voids and cracks mainly caused by creep damage in fine-grained heat-affected zones (HAZ); to prevent such creep damage, maintenance based on accurate assessment of remaining life is highly essential [1] . However, the evolution of Type IV creep damage has not been clarified yet; the damage process is structurally and dynamically discontinuous, complicating the methods of evaluation and consequently preventing the establishment of remaining life assessment techniques [2] ． Type IV creep damage may evolve not only at material surfaces, but also inside materials. Therefore, nondestructive techniques that allow assessment and determination of damage conditions both at material surfaces and inside materials have been demanded. In this study, we used the microstructural observation and nonlinear acoustic method to evaluate Type IV creep damage (creep voids) of boiler exchange tubes that had served in a fossil power plant for twenty years.
Experiments
The samples were obtained by cross-sectionally cutting out the welded region (approximately 215 mm in outer diameter) between the outlet header stub and the riser of the secondary super-heater of the boiler in a fossil power plant in Australia. These pieces were further cut to 10 mm in thickness parallel to the longitudinal direction of the tubes (Fig. 1) . The materials of the stub and the riser are 2.25 Cr-1 Mo steel and 0.5 Cr-0.5 Mo-0.25 V steel, respectively. The tubes had served for approximately 206,000 hours in total.
Fig. 1 Configuration of the sample
The nonlinear acoustic method is based on the acoustic nonlinearity of nonlinear elastic materials, as detailed in [3] . We used the amplitudes of nonlinear acoustic waves (harmonics) to obtain the images of microstructural voids smaller than the incident wave amplitudes [4] . Fig. 2 shows a block diagram of our harmonic measurement/imaging system with the immersion technique [4] . Unlike traditional acoustic imaging systems, our system has a pulser that generates large-amplitude burst waves of approximately 10 nm in the materials and a band-pass filter or high-pass filter that amplifies and extracts second harmonics in received waves. The system layout shown in Fig. 2 is for vertically applying longitudinal waves to the sample surface. By inclining the angle of wave incidence, the system also allows the use of mode-converted shear waves. We used the shear waves. The harmonic measurement was performed by emitting 18 MHz burst waves of five cycles at an inclined angle (incidence angle of 15 degrees and refraction angle of 30 degrees) and receiving reflected waves through a 25 MHz high-pass filter, which reduced the 18 MHz component by 40 dB. After polishing and etching the sample surface, we observed the surface with an optical microscope to measure the number density of voids. Fig. 3 shows the distribution of the number density of voids. As is evident from this figure, a high density of creep voids is observed immediately around and in the HAZ. Fig. 4 shows the images of nonlinear acoustic parameters, waveforms, and amplitude spectrums. The areas around and in the HAZ are brighter than the others. The left and right wave packets in each received waveform represent the scattered waves from the sample surface and those from the sample inside, respectively. At the center of the welded part (lower left), the amplitudes of scattered waves from the sample inside are small. Similarly, they are weak in the riser material area (upper right) and stub material area (lower right). In the other areas of the HAZ, strong scattered waves were received in around 21 μs, with a time lag of approximately 2 μs after the scattered waves from the sample surface were received. This fact may suggest that the scattering source is located at a point 3 mm below the surface in a slanting direction at the refraction angle of 30 degrees. The highest harmonic amplitudes are observed in the upper left areas of the HAZ, which agrees with the measurement of the void density in Fig. 3 . This result indicates that nonlinear acoustic waves can be used to image and locate damaged regions when creep voids grow to a certain size.
Conclusions
With the nonlinear acoustic method and microstructural observation, we evaluated the creep damage (creep voids) of the welded part of the secondary super-heater of a boiler used for approximately 200,000 h in a fossil power plant. We detected and obtained the images of harmonics significantly scattered in the transverse direction. This result is in good agreement with the measurement of void density by microstructural observation. It has been proven that the nonlinear acoustic method can detect voids generated in the HAZ. 
